In all eukaryotes examined so far, hsp70 gene families include cognate genes (hsc70) encoding proteins of about 70 Kd which are expressed constitutively during normal growth and development. We have investigated the structural relationship of heat-inducible and cognate members of the human hsp70 gene family. Among several human genomic clones isolated using Drosophila hsp/hsc70 probes, one contained an hsc70 gene. Its complete sequence is reported here. It is split by eight mtrons and encodes a predicted protein of 70899 d that would be 81?o homologous to hsp70. Structural comparisons with corresponding genes from other species provide one of the most striking examples of gene conservation. Isolation of a corresponding cDNA clone, RNAmapping and js\ vitro translation data demonstrate that the gene is expressed constitutively and directs the synthesis of a 71 kd protein. The latter is very likely to be identical to a clathnn uncoating ATPase recently identified as a member of the hsp70-like protein family.
INTRODUCTION
Heat shock proteins (hsps) are synthesized in prokaryotic and eukaryotic cells in response to an increase of temperature above normal physiological levels, or following exposure to a variety of toxic agents. This response is characterised by a rapid increase in transcription of a small set of genes and the preferential translation of these messenger RNAs into the hsps. The most abundant hsp is a protein of 70 kd (hsp70) which is remarkably conserved in organisms as distantly related as bacteria and man (for reviews, see 1-3).
The hsp70 gene, first identified in D.melanoqaster, belongs to a multiple gene family (4, 5) . Several homologs were subsequently discovered which, in contrast to hsp70, were not inducible by heat or other environmental factors but which were expressed during the normal development of the fly (6, 7) . One of these so-called heat shock "cognate" genes encodes a 70 kd protein (hsc70) which is particularly abundant in embryos and ovaries, where its level greatly exceeds those of actm, tubulin, and heat shock induced hsp70 (8) .
A similar family of inducible hsp70 and related cognate genes has also been characterized in Saccharomyces cerevisiae (9) . Genetic analysis has shown that double mutations introduced into two cognate genes affected the growth rate of yeast at low temperature but not at 37 C, a temperature which induces hsp70 (10) . This elegant work of Craig and collaborators with yeast suggests that:
a) The cognate proteins provide functions needed for normal growth. b) Different hsp70-like proteins could perform closely related functions, although some members appear to be functionally distinct.
Previous work has described three different types of hsp70-like proteins in mammalian cells: stress-inducible hsp70 (11) , constitutively expressed cognate hsc70 (12, 13, 14) and glucose regulated protein(s) grp78 (15) .
Hsp70 has been shown to accelerate the recovery of nucleoli from heat injury in monkey cells (16) in a process which is apparently ATP dependant (17) .
This protein could be required to restore normal ribosome assembly (16) .
GRP78, whose synthesis is induced by glucose starvation, has been recently shown to be structurally related to hsp70 and to be identical to the lmmunoglobulin heavy chain binding protein "BIP" in B lymphoid cells. Its binding to IgG can be reversed by an ATP dependant reaction (16) .
Finally, hsc70 is an abundant protein found in unstressed cells of diverse origins, including rodent, bovine and human (12, 13, 18) . Interestingly, this protein is identical to an "uncoating ATPase", an enzyme that can release clathrin from coated vesicles. This reaction is again dependent on hydrolosis of ATP (18, 19) . All three proteins seem to play a role in protein folding and assembly or in the reverse processes and all these reactions reguire energy (20) .
We have investigated the organization and relationship of several members of the human hsp70 gene family. We report here the first characterization and complete genomic nucleotide sequence analysis of a human gene encoding a hsc70 protein.
MATERIALS AND METHODS

Screening of a^ Human Genomic Library
A human genomic library, kindly provided by Marc Ballivet, was constructed by inserting human liver DNA, partially digested with Mbol, between BamHI sites of lambda-phage vector L47.1 (21) . Recombinant phages (3 x 10 ) were screened by plaque hybridization(22) using as probes a 2 kb Sail restriction fragment of plasmid pSV0-H8 (23) that spans a complete D.melanoqaster hsp70 gene and a 3.4 kb Xbal fragment of plasmid MG34 containing D.melanoqaster hsc70 cognate gene sequences (9) . Hybridization positive phage clones were purified by successive plaque purification. As a final test, DNA prepared from positive clones was digested with various restriction endonucleases, the fragments separated on 0.6 % agarose gels were transferred to nitrocellulose filters and hybridized to the same probe used for screening.
Screening of a Human cDNA Library
A human cDNA library, kindly provided by Irmi Sures, was constructed by the use of total poly (A) RNA isolated from hepatic metastasis derived from a pancreatic gastrinoma. Double stranded cDNA was synthesized according to the method of Gubler and Hoffmann (47) and used to generate a lambda gtlO library. 3x10 recombinant phages were screened by plaque hybridization (22) using as probe a 1.5 kb restriction fragment that spans the very 5'end of the human hsc70 gene which was derived from the corresponding genomic clone. Hybridization positive clones were purified by successive plaque purification.
After restriction fragment analysis of the inserts selected fragments were subcloned directly into M13 phage vectors and sequenced partly.
Southern Analyses of Genomic DNA (24) High molecular weight human DNA from different tissues or cell lines was digested with various restriction endonucleases. Aliquots of 0.01 mg were fractionated by electrophoresis through 0.8K agarose gels and blotted onto nitrocellulose after partial acid depurination and base hydrolysis. Filters were prehybridized overnight at 43° C in 4x SSC, 0.065 M sodium pyrophosphate, lx Denhardt's solution, 50?o formamide and 0.1 mg/ml sonicated salmon sperm DNA. Hybridization was done overnight at 43 C using the same buffer including 5% dextran sulfate and 3x10 cpm/ml of DNA probes labeled with 32
PdCTP by nick translation. The final wash of the filters was for 30 nun at 65° C in O.lx SSC, 0.1SS SDS.
DNA Sequencing
For further analysis restriction fragments which span the entire genes were subcloned into pUC 8 (25) and subsequently into M13 phage vectors. Their nucleotide sequence was determined by the dideoxy chain termination method of Sanger et al. (26) . Both strands of the cloned DNA were completely sequenced and the sequence was assembled by computer analysis.
Cell Culture, Heat Shock and Labelling Conditions RNA was prepared from HeLa cells grown in suspension culture at 5 x 10 cells/ml at 37 C in Eagle's minimum essential medium modified by Joklik supplemented with 103S newborn calf serum. For heat shock, the culture temperature was increased rapidly to 42 C in a 45 C water bath and then maintained at 42° C for 2 h.
To label the proteins HeLa cells growing as a monolayer were maintained in RPMI-1640 medium supplemented with 10% fetal calf serum in a humidified atmosphere of 5SS CCL. Cells were grown to near confluence and heat shocked by the addition of fresh medium prewarmed to 42 C. After lh at this temperature, cells were washed with prewarmed methionine-free medium and labelled with 0.02 -0.03 mCi/ml of( S) methionine (specific activity 800Ci/mmol, Amersham) again in methionine free medium for 1 h at 42 C. Cells were then washed with ice-cold phosphate-buffered saline and lysed in sample buffer (27) . For controls, cells were maintained at 37 C and labelled in the same way.
RNA Isolation and Analysis
Total cellular RNA was prepared from HeLa cells by guanidimum thiocyanate extraction followed by CsCl centnfugation (28) . RNA pellets were resuspended Labelled products were analyzed by one-dimensional electrophoresis on 7.53 SDS-polyacrylamide gels.
RESULTS
Isolation and Characterization of Genomic Clones
About 3x10 bactenophage recombinants from a human liver genomic library were screened at low hybridization stringency using two Drosophila DNA probes: a DNA fragment coding for hsp70 and a fragment containing hsc70
sequences. Ten clones giving positive hybridization signals were isolated.
DNA restriction analysis revealed that several recombinant phages were isolated twice or thrice, thus reducing the number to four distinct positives which shared no common restriction fragments. -Phage 621 carries part of a human hsp70 gene recently characterized by Hunt et. al. (34) . Referring to these data, the segment starts at nucleotide position +497 and proceeds several kbs beyond the 3'-end of the coding region (data not shown).
-Phage 521 contains a complete hsc70 gene whose coding region is interrupted by several intervening sequences and is dispersed over a 5 kb DNA stretch.
A partial physical map of this phage is shown in Fig.2 .
To ascertain whether hsp70 and hsc70 represent closely related but different members of a multigene family HindiII digested human genomic DNA from different sources were analyzed by Southern blot hybridization using gene-specific DNA probes (hsp7O: nt +566 to nt +1493 from phage 621; hsc70: nt 1696 to nt 2813 and nt 2985 to nt +4174 from phage 521) (Fig.3) . Sequence determination of the 5'end of this phage insert has proven that this Each row lists the exons of the human hsc70 gene, numbered from the 5' end to the 3' end. The exon and intron lengths and the nucleotide sequences flanking the splice sites are shown and compared to the consensus sequence (36) .
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cDNA clone was derived from a mRNA molecule transcribed from that hsc70 gene which was isolated during the initial screen of the genomic library (data not shown).
Structure of the Human hsc7D Gene
The complete nucleotide sequence of the hsc70 gene and its flanking regions is shown in Fig. 4 .
Sequence alignments with the human hsp70 DNA sequence (unpublished results
and (34)) and the sequences of the corresponding rat (35) and human hsc7D cDNA clones show that the gene is split by 8 introns (Fig. 1) . Five exons splice site of each intron; in each case these sequences are followed by a stretch of several pyrimidines.
The first and the third intron contain sequences highly homologous to the human Alu repeat family (38) . These two 150 bp direct repeats (nt 674 to nt 829 and nt 1783 to nt 1937) are 85SS homologous to each other. However, they both lack the 3'dAMP-rich sequences which are characteristic for Alu family members and are not flanked by short direct repeats. In vitro translation of the selected RNA was carried out in the presence of ( S) methionin in a rabbit reticulocyte lysate and the resulting protein products were analyzed by SDS-PAGE electrophoresis. The autoradiograms of these gels are shown in Fig.6 .
The RNA which hybridized to the entire hsc70 gene directed the synthesis of a 71 kd protein of slightly slower mobility than hsp70. A moderately abundant protein of the same size can be observed in unstressed HeLa cells. As expected, the RNA selected by the hsp70 gene fragment was translated into a protein which comigrates with the genuine hsp70. Although DNA sequences of these genes show a high degree of homology, the stringency used for hybrid selection was sufficient to prevent RNA selection that is not gene-specific.
These results support the data from the Northern: namely that unstressed HeLa (Fig.7) . A similar divergence has been observed yi the 3'-portions of hsp70 genes from several different species (39) (40) (41) .
A comparison of the human hsc70 genomic sequence with the available part of the homologous Drosophila hscl gene (9) provides a striking example of gene conservation. Although the sequence homology within the coding regions is less than that found in the comparison of the corresponding mammalian genes, the splicing junction of the first exon was perfectly maintained in the two species. -An identical exon/intron border is conserved even in two heatinducible maize genes which are so far the only known hsp70 genes which have introns (39) . These observations suggest that hsc70 genes existed very early in evolution. Hsc70 RNA was found to be particularly abundant in several rat tissues, including brain (35) . Recently, hsc70 has been identified as an ATPase which binds clathrin cages of coated vesicles in brain and induces their dissociation into clathrin trimers (18, 45, 46) . Thus it would be not surprising that the level of hsc70 expression could vary considerably between different tissues depending on turnover rates and relative abundance of coated vesicles. Moreover, it is likely that this abundant protein could be involved in other biosynthetic processess (20) thus requiring different ways of gene regulation in different tissues.
